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Introduction 


This  paper  will  describe  the  novel  design  of  a  non-metallic 
dielectric  waveguide  frequency  scan  antenna.  This  antenna  is  capable 
of  frequency  scanning  a  beam  over  a  spatial  angle  four  times  greater 
than  that  obtained  with  a  conventional  slotted  metal  waveguide  antenna 
design.  This  is  done  with  the  same  percentage  change  in  frequency  and 
there  is  no  metallization  required  of  the  radiating  aperture.  The 
entire  radiating  aperture  and  the  transmission  line  are  an  integral, 
homogeneous  material;  no  individual  assembly  of  radiating  elements  to 
the  transmission  line  is  necessary.  The  absence  of  metallization  not 
only  means  that  the  fabrication  procedure  has  been  considerably  simpli¬ 
fied,  but  also  that  the  conductor  ohmic  losses  are  eliminated. 

The  antenna  is  made  by  cutting  grooves  into  the  surface  of  a 
dielectric  waveguide.  The  grooves  act  as  radiating  elements.  This 
paper  will  describe  the  design  and  test  results  of  several  line  source 
antennas  that  were  investigated  at  Ka  Band,  for  applications  in  the 
millimeter  wave  frequency  range. 


Background 

Antenna  beam  scanning  can  be  accomplished  by  several  means.  Often 
the  simplest  expedient  is  to  mechanically  scan  the  antenna  by  physi- 
.  cally  moving  the  entire  antenna  structure.  For  system  applications 
where  fast  and  precise  beam  steering  is  required,  inertialess  beam  scan 
i  is  used.  Inertialess  beam  scan  is  usually  accomplished  electronically 
by  altering  the  phase  across  the  radiating  aperture  with  discrete  phase 
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*  shifting  . component s_oir  by  altering  the  frequency  whereby  an  Inherent _ 

phase  is  attained  between  individual  radiating  elements.  All  the  above 
techniques  are  used  at  microwave  frequencies.  For  millimeter  wave  fre¬ 
quencies  (i.e. ,  30-300  GHz)  mechanical  scan  is  used  in  virtually  all 
systems.  Inertialess  scanning  at  millimeter  waves  is  difficult  because 
of  the  impractlcality  in  size  of  the  components  that  would  be  used  for 
beam  steering.  It  is  readily  apparent  to  the  millimeter  wave  antenna 
engineer  that  new  concepts  are  needed  for  beam  scanning  at  millimeter 
waves.  (1) 

The  Combat  Surveillance  and  Target  Acquisition  Laboratory  has  recog¬ 
nized  the  need  for  new  antenna  techniques  and  has  been  working  under  a 
joint  internal  Army  effort  with  the  Electronics  Technology  and  Devices 
Laboratory  to  develop  a  dielectric  waveguide  line  source  antenna.  This 
antenna  is  unique  in  that  the  transmission  line  and  the  antenna  aperture 
are  an  Integral,  homogeneous  structure.  The  dielectric  waveguide  trans¬ 
mission  line  is  simply  grooved  with  a  saw  blade  so  as  to  form  the 
radiating  elements.  This  is  an  inherently  simple,  low  cost  fabrication 
process.  The  integral  design  of  this  transmission  line  -  radiating 
aperture  implies  a  potential  for  conformal  mounting  to  a  curved  surface. 
When  these  highly  desirable  fabrication  attributes  are  noted,  along  with 
the  significant  fact  that  there  is  a  factor  of  four  increase  in  the 
spatial  scan  sensitivity,  this  design  becomes  very  interesting. 

Dielectric  Waveguide 

The  cross  section  of  the  dielectric  wayegulde  was  designed  using  the 
analysis  of  Marcatlll.  (2)  The  cross  section  dimensions  used  were 
a  ■  0.052"  and  b  -  0.070",  which  allows  only  propagation  of  the  lowest 
order  E  ^  jmode,  which  is  shown  in  Figure  1.  The  dielectric  waveguide 
was  tapered  on  both  ends  so  as  to  permit  a  transition  to  standard  Ka 
Band  waveguide  for  test  purposes.  In  particular,  each  dielectric  wave¬ 
guide  had  an  H  plane  taper  at  both  ends,  which  served  as  the  transition 
between  the  standard  TEio  metal  waveguide  mode  to  the  Ey.  |  dielectric 
waveguide  mode.  By  choosing  magnesium  titanate,  a  high* dielectric- 
constant  material  for  which  the  index  of  refraction  n  -  4,  nearly  all  of 
the  power  flow  is  confined  to  the  waveguide.  The  transverse  wavenumbers, 
lc*  and  ky,  are  obtained  in  our  case  from  the  transcendental  equations 
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ky  b  -  it  -  2  tan”1  Jja4(n2  -l)k02/ky2 


(?) 


respectively,  where  k0  is  the  free-space  wavenumber  corresponding  to  the 
operating  frequency.  The 


'kz~ls  obtained  from 


k*  -[°2  h,2  -  **2  -  S2]  \ 


(3) 
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FIGURE  1.  E^|  DIELECTRIC  WAVEGUIDE  MODE 


Calculated  values  of  the  guide  wavelength,  Xg  ■  2ir/kz,  are  plotted  in 
Figure  2.  A  knowledge  of  Xg  is  required  in  order  to  proceed  to  the  next 
step  of  the  design  procedure,  i.e.,  a  determination  of  radiating  slot 
spacing,  which  will,  in  turn,  determine  the  beam  pointing  direction. 

Dielectric  Waveguide  Antenna 

It  is  evident  from  Figure  1  that  the  Ey  and  Hx  field  components  are 
not  zero  at  the  edge  of  the  waveguide.  Thus  there  exists  a  surface  wave 
at  the  dielectric-air  interface.  If  perturbations  are  spaced  at  some 
periodic  interval  d  along  the  length  of  the  guide,  a  radiation  field  will 
be  created.  In  our  case  the  perturbations  consist  of  transverse  slots 
cut  into  the  dielectric,  of  width  w  and  depth  t.  As  indicated  in  Figure 
3,  the  E-plane  beam  peak  appears  at  an  angle  0  with  respect  to  the  normal, 
given  by  the  expression 
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FIGURE  2.  GUIDE  WAVELENGTH  VS. 
FREQUENCY 


A 


sin  0  -  AQ/Ag  + 


A0/d 


(») 


where  A©  i8  the  free-space  wavelength  corresponding  to  the  operating  fre¬ 
quency.  It  is  evident  that  the  beam  may  be  scanned  in  space  by  changing 
the  frequency.  The  quantity  m  in  Eq.  (4)  is  limited  to  m  -  -1,  -2,  -3, 

.  .  .  corresponding  to  spatial  harmonics  in  the  visible  space 
(-tt/2  _<  0  it/2)  .  For  maximum  coupling  (3) ,  as  well  as  single  beam 

operation  from  backfire  to  endf ire ,  the  value  m  *  -1  is  chosen.  The  value 
of  d  is  then  limited  by  the  condition 


V*g  - 


A0/d 


<  1. 


The  slots  were  cut  into  a  slab  of  dielectric  by  a  precision-con¬ 
trolled  diamond  dicing  saw.  The  slab  was  then  machined  to  the  finished 
waveguide  dimensions,  including  the  H  plane  tapers  at  each  end.  Table  I 
gives  the  slot  widths  and  depths  studied.  Based  upon  the  Marcatill 
equations  for  Ag,  and  also  by  considerations  which  will  be  given  in  the 
next  section,  the  value  d  -  0.130"  was  chosen.  This  slot  spacing  puts 
the  beam  reasonably  close  to  broadside  for  the  frequencies  of  Interest. 

As  a  result  of  the  radiation  loss  the  propagation  wavenumber  now  be¬ 
comes  complex,  i.e.. 


k,  -  2  ./X.  -1 
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'  FIGURE  3.  DIRECTION  OF  MAIN  BEAM 


w  (in) 

t  (in) 

0.004 

0.006 

0.004 

0.009 

0.004 

0.012 

0.004 

0.015 

0.004 

0.018 

0.004 

0.013 

0.013 

0.013 

0.020 

0.013 

TABLE  I.  SLOT  PARAMETERS 

I  •  -  . 

where  a  is  the  attenuation  due  to  radiation  along  the  length  of  the  array 
with  a/kz«l.  The  aperture  excitation  is  therefore  exponentially  de¬ 
caying  ,  with  the  power  attenuated  equal  to  the  power  radiated,  Pr^D*  as 
given  by 

PRAD  "  Po  exp("2  «  L>»  |  (7) 

where  P0  is  the  power  incident  on  the  first  slot,  and  L  is  the  array 
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j _ The  Experiments _ 

One  waveguide  was  machined  to  size,  as  described  above,  from  an  un¬ 
slotted  slab.  One  tapered  end  was  inserted  into  standard  Ka  band  metal 
waveguide,  using  relatively  low  dielectric  constant  (er  =  2.2)  Rexolite 
as  a  spacer  and  support.  Due  to  the  large  difference  in  the  dielectric 
j constants,  the  dielectric  antenna  characteristics  were  not  effected  by 
■the  Rexolite.  The- intrinsic  insertion  loss  of~‘the  unslotted  waveguide 
| was  measured,  using  the  set-up  shown  in  -Figure  4.  The  measured  loss  was 
found  to  be  0.5  dB  across  the  30-38  GHz  frequency  range. 
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FIGURE  ^  TEST  SET-UP  | 

Next,  a  reflecting  short  was  attached  to  the  other  taper,  and  Xg 
measured  by  external  probe.  These  results  appear  as  the  upper  curve  in 
Figure  2. 

Finally,  an  absorbing  load  was  attached  to  the  other  end,  so  as  to 
absorb  any  residue  fields.  Return  loss  was  measured  at  the  input  end, 
and  was  better  than  20  dB  across  the  band,  indicating  that  the  combined 
H  plane  taper,  guide  cross  section  and  load  were  all  well  matched. 

Each  slotted  antenna  was  then  similarly  fitted  and  tested  with  the 
i  exception  of  the  Xg  probe  measurement,  due  to  interference  from  the  near- 
!  field  radiation  caused  by  the  slots.  Figure  5  gives  some  typical  re- 
1  suits.  It  is  noted  that  there  are  loss  resonances  near  32  GHz  and  36  GHz. 
The  higher  frequency  resonance  corresponds  to  the  high  reflection  loss 
that  occurs  when  the  wavelength  in  the  guide  equals  the  slot  spacing. 

For  all  antennas  tested,  it  was  found  that  the  frequency  at  the  center  of 
the  reflection  loss  curve  corresponds  to  values  of  Xg  that  lie  between 
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> ;  the  upper  and  lower  curves  of  Figure  2.  In  general,  it  was  found  that 
the  width  of  the  resonance,  as  measured  3  dB  down  from  the  peak  oftfce 
reflection  loss,  did  not  exceed  1  GHz.  As  the  reflection  loss  at  32  G 
is  small  (<.  1%) ,  the  lower  frequency  resonance  corresponds  to  maximum 
power  radiated  by  the  antenna. 


FREQUENCY 


I  LOSS 


R  LOSS 


FIGURE  5.  TYPICAL  LOSS  CURVES 

(a)  INSERTION  LOSS  I 

(b)  RETURN  LOSS 


At  any  given  frequency  the  ratio  of  net  power  loss  (Pvv 
(l.e.,  power  not  delivered  to  the  load)  to  incident  power  is. 
Figure  5(a)  i  A 


NET  LOSS 


-  1  -  10 


-i/io 


where  I  is  measured  in  dB.  Taking  into  account  the  Intrinsic 
broadband  loss,  the  power  loss  (PT n«;fi)ratio  becomes 
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,:s  Far  field  radiation  patterns  were  measured  in  an  anechoic  chamber. _ 

tv;  the  j  Several  typical  E-plane  patterns  are  shown  In  Figure  7  at  32  GHz,  and  at 
st  j 35  and  36  GHz,  l.e. ,  either  side  of  broadside.  It  is  noted  that  the  first 

|  side  lobe  levels  are  typically  12  dB  down,  close  to  the  theoretical  value 
f.irst  j  of  13  dB  expected  for  an  exponential  illumination.  The  value  of  the 

typo  j  expected  angle  of  the  main  beam  from  the  normal  is  given  by  Eq.  (4),  but 

;.■»  of  ,  j  we  have  worked  this  equation  backwards,  using  the  observed  value  of  0, 

to  determine  Ag  as  a  further  check.  In  all  cases  we  again  have  found  Ag 
to  lie  between  the  upper  and  lower  curves  of  Figure  2.  The  3  dB  beam- 
width  is  typically  6°  over  the  32-37  GHz  band,  but  increases  to  about  8° 
near  backfire  at  31  GHz.  The  cross-polarization  component  was  measured, 
and  found  to  be  20  dB  down  in  the  main  beam. 
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FIGURE  7.  TYPICAL  PATTERNS 
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FIGURE  8.  SCAN  ANGLE  VS.  FREQUENCY 
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”  -^| _ _ _ ■ _ Conclusions  '  ~ 

Investigations  have  continued  into  developing  design  criteria  for  a 
dielectric  waveguide  line  source  antenna.  The  Marcatili  analysis  has 
proven  to  be  a  reliable  guide  for  the  transmission  line  design.  There 
is,  however,  no  practical  design  information  available  permitting  the 
synthesis  of  a  symmetrical  amplitude  taper  along  a  grooved  dielectric 
waveguide  antenna.  This  investigation  presehts~a  measurement  procedure 
that  will  permit  a  correlation  between  the  radiating  element  physical 
configuration  and  the  radiation  properties.  Additional  data  for  various 
slot  geometries  will  continue  to  be  accumulited.  A  theoretical  and  em- 
perical  relationship  will  then  be~ made  so  as  to  further  relate  the  slot 
geometry  to  radiation  characteristics^  Our  investigations  have  demon¬ 
strated  that  a  non-metallic  grooved  dielectric  waveguide  can  be  made  to 
radiate  with  a  well-formed  antenna  pattern  resulting  from  an  exponential 
amplitude  taper.  This  effort  will  be  extended~~to  permit  the  desIgn~oF~g 
lower  sidelobe  dielectric  waveguide  slot  antenna. _ _ 
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